We have succeeded in measuring resistance across a single atomic step at electrical conduction through a monatomic-layer metal on a crystal surface. Using independent methods of direct electrical conductivity measurement with four-tip scanning tunneling microscope probes and scanning tunneling spectroscopy observation, the conductivity across a monatomic step was found to be about 5 × 10 3 −1 m −1 . Through analyses of the Landauer formula for 2D conductors and the recent theoretical calculations, the electron transport across an atomic step is fairly modeled as a tunneling process. Important formulas of surface conductivity developed by the present research are given.
INTRODUCTION
Surface superstructures prepared by metal adsorption on semiconductor surfaces have now become important playgrounds to study various dynamics of low-dimensional phase transition or transport phenomena. [1, 2] Advantages of surface studies are that the electron density or atomic position is visually probed in atomic resolution with scanning probe microscopies. Furthermore, electronic states (Fermi surfaces) are also directly measured by means of angle-resolved photoemission spectroscopy (ARPES). Recently, (anisotropic) conductivity measurements of surface superstructures have become possible with state-of-the-art monolithic micro-four-point probes (MFPP) and four-tip scanning tunneling microscope (STM) probes. [3] [4] [5] Electron transports are generally governed by electron-phonon couplings and impurity scatterings. Especially, low-dimensional electron gas has strong interactions with localized scatters and such electronimpurity scattering events are expected to play dominant roles in surface state transport phenomena. On crystal surfaces, atomic steps [6] are unavoidable defects, which become inevitable barriers or resistance for the carrier transport through the topmost atomic layers on crystals, Fig.1(a), (b) . On the other hand, the scattering events lead, through interference, to an oscillatory local density of states (LDOS) or standing waves, Fig.1(c) . Analyses of the LDOS oscillation provide information of the scattering phenomena such as energy dispersion and reflection phase shift. [7] Since reflection phase shift at a scatter is related with transmission through it, a research of a standing wave will lead to obtaining its conductivity. Using an isotropic two-dimensional (2D) metallic surface, Si(111) √ 3 × √ 3-Ag, [8] [9] [10] [11] described below, we have examined the issue. In this research, we studied conductance of a single atomic step through detailed analyses on standing waves near the steps and surface transport measurements. Surface steps are imaged by scanning tunneling microscope and the LDOS's are mapped by scanning tunneling spectroscopy (STS). At various tip bias, standing waves near the steps were observed and their transmission coefficients were determined from the reflection phase shifts. Utilizing Landauer formula of 2D, conductance of a single atomic step is experimentally obtained. Then, we measured anisotropic conductance of the stepcontrolled Si(111) √ 3 × √ 3-Ag surfaces by micro-four-point probe method using independently driven four tip STM. [3, 5] The measured conductance showed good agreements to those determined from the standing waves. 
PHOTOEMISSION FERMI AND BAND MAPPING
A Si(111) √ 3 × √ 3-Ag superstructure, induced by one monolayer (ML) Ag adsorption on a Si(111) crystal, has been one of the most popular, for which almost all kinds of surface-science techniques have been applied and its atomic and electronic structures are now well understood. Concerning the conductivity, while the Drude formula has been the simplest expression, here we show another simple formula derived from the 2-D Boltzmann equation, [8] and m * = 0.13m e where m e is the free electron mass. [10] Furthermore, can be evaluated from inelastic scattering time estimated from energy or momentum width of the band dispersion curve at Fermi level (Fig.2) . [12] Detailed comparisons of temperature dependent between ARPES and conductivity results are reported elsewhere. [13] As described above, all the important transport parameters can be derived from photoemission spectroscopy and they are directly compared for ARPES and conductivity results on bulk single crystals. [12] However, the comparison is not simple for a crystal surface because of surface steps, Fig.1(a) . Figure 1(d, e) shows the STM and spectroscopic dI/dV images of the √ 3 × √ 3-Ag surface near an atomic step at 65 K. It can be seen that the √ 3 × √ 3-Ag surface superstructure almost extends up to the step edge. The LDOS modulation, standing wave (Friedel oscillation), in the dI/dV image [ Fig.1(e) ], has been well studied on noble metal surfaces. [7] The wavelength varied with tip bias, and the energy versus wave number dispersion obtained through the bias-dependent standing waves showed a parabola with an effective mass equal to that obtained by ARPES (Fig.2) . [10, 11] The reflection phase shift, , at the step edge is determined by fitting the dI/dV modulation, Fig.1(e) , by a cosine function with a damping factor [7] at each tip bias. Around E F , is then determined to be about -(0.8 ± 0.05) . Once the reflection phase shift at a step is determined, the conductance through the step can be derived by combining a -potential model [14] , Eq.(3), and the Landauer formula for the conductance of 2D conductor through 1D potential barrier, Eq.(4). The transmission coefficient T and the reflection phase shift are related by
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and
where e, h and k F are elementary charge, Planck's constant, and Fermi wavenumber, respectively. The -potential model quite suits to the present system since the concerned surface state is located in the bulk band gap and no carrier scattering of surface electrons into the bulk states occurs. [14] Inserting the experimentally determined into the equation (3), T is determined to be 0.3 ± 0.15. The conduction electrons in the √ 3 × √ 3-Ag layer (surface state) pass through a step with a probability (4), the 2D at a monatomic step on this particular surface is determined to be 2D = 9 (± 4) × 10 3 −1 m −1 .
SURFACE CONDUCTIVITY MEASUREMENT WITH FOUR STM TIPS
For the direct determination of conductivity across the steps, we prepared the √ 3 × √ 3-Ag surface structure on a vicinal Si(111) crystal having a miscut angle of 0.9 or 1.8
• toward [112] axis. Then, the electical measurements at room temperature were performed by so-called rotational square (RS) MFPP method [5] using the four-tip STM. This is a four-point probe resistance measurement in a square arrangement of the four probes with several tens m probe spacing, Fig.3 , and the square is rotated with respect to the sample surface. This RSMFPP method enables measuring anisotropic conductivity [5] . On our sample surface, all the steps are aligned along [110] crystal axis and distributed uniformly with almost equal spacing (10∼20 nm) over the surface, as judged from the STM observations (Fig.3) . In micrometer scale, the vicinal surface can be regarded as an anisotropic 2D conductor because of the aligned step array; the conductivity in a direction perpendicular to the steps should be lower than that in step-parallel direction. Therefore, any anisotropy in conductivity detected by the RSMFPP measurement should be attributed to the steps, and then we can determine the resistance caused by atomic steps directly from it. This is because any channels for electrical conduction near the surface (surface-state bands on the topmost atomic layers, bulk-state bands in a surface space-charge layer beneath the surface, and bulk-state bands in the inner crystal) are isotropic. Resistance of the √ 3 × √ 3-Ag surface on a 1.8
• miscut wafer is shown in Fig.3 where N step (m −1 ) is the step density on the sample surface. Our vicinal Si(111) wafer with a miscut angle of 1.8 • has N step ∼10 8 m −1 . Therefore we get step ∼ 3 × 10 3 −1 m −1 . The step reasonably matches to the 2D obtained by the independent methods of dI/dV (STM) observations described before! It is noted that the similar value has also been acquired from direct electrical measurement by monolithic MF4PP on a step-controlled surface. [15] 
SUMMARY
It is now obvious that conductance across a monatomic step on the √ 3 × √ 3-Ag surface is about 5 × 10 3 −1 m −1 . When electrical current flows through a step of 1cm, 1mm, 1 m, and 1nm long, the resistance across the step should be 0.02, 0.2, 200, and 2 × 10 5 . The resistance is negligible in macroscopic scale, but very critical in nanometer scale. Within the experimental error, the reasonable agreements among the independent methods indicate that electron transport through a monatomic step is fairly modeled as an electron tunneling process. Recent theoretical calculation have shown that the tunneling process through a monatomic step separating two √ 3 × √ 3-Ag terraces is attributed to the continuation of surface electron wave and bulk evanescent wave. [16] On the other hand, the -potential model provides a product of potential barrier height and potential width, V 0 a, of the atomic step as 10 (±6) eV Å. Assuming a as a bond length of bulk Si crystal (2.35 Å), the V 0 is 4.5 (± 2.5) eV. This implies that, at a step, carrier electrons in metallic overlayers on semiconductor substrates tunnel through an energy barrier corresponding to energy difference between the vacuum level and the Fermi level (work function). A potential barrier height of work function may be a good approximation to estimate conductance across an atomic step for other systems.
